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We study the effect of substrate induced strain on the structural, transport, optical and electronic
properties of Sr2CoNbO6 double perovskite thin films. The reciprocal space mapping, φ-scan and
high-resolution θ-2θ scans of x-ray diffraction patterns suggest the epitaxial nature and high-quality
of the films deposited on various single crystal ceramic substrates. A systematic enhancement
in the dc electronic conductivity is observed with increase in the compressive strain, while a sharp
reduction in case of tensile strain, which are further supported by change in the activation energy and
density of states near the Fermi level. The optical band gap extracted from two distinct absorption
bands, observed in the visible-near infrared spectroscopy show a non-monotonic behavior in case of
compressive strain while significant enhancement with tensile strain. Unlike the bulk Sr2CoNbO6
(Co3+ and Nb5+), we observe different valence states of Co namely 2+, 3+ and 4+, and tetravalent
Nb (4d1) in the x-ray photoemission spectroscopy measurements. Moreover, a reduction in the
average oxygen valency with the compressive strain due to enhancement in the covalent character of
Co/Nb–O bond is evident. Interestingly, we observe sharp Raman active modes in these thin films,
which indicates a significant enhancement in structural ordering as compared to the bulk.
INTRODUCTION
Tailoring the physical properties of transition metal
oxides through the strain engineering in case of epitaxial
thin films has become the versatile technique and show
unusual phenomenon at the interface in nanoscale range
[1–3]. Unlike in their bulk counterpart, the strain caused
by lattice mismatch between thin film and substrate can
induce the novel phenomenon at the interface [1–6] which
play a crucial role in device applications [7] such as solid
oxide fuel cells [8]. A close synchronization between the
substrate induced strain and oxygen non-stoichiometry
has been recently established in these compounds, where
controlling such parameters in the bulk form is a ma-
jor challenge [9–11]. In this family, perovskite oxides of
type ABO3 (A: rare earth/alkali earth metals, B: tran-
sition metals) have been widely explored due to their
stable structure and availability of the wide range of
structurally alike single crystalline substrates for the het-
eroepitaxial growth. The misfit induced strain in these
compounds is widely known to modify the BO6 octahe-
dron i.e. change in B–O–B bond angle and B–O bond
length, where degree and direction of the octahedral ro-
tation is determined by the magnitude and sign of the
biaxial strain [12]. This, octahedral distortion effectively
perturb the energy scales of lattice, spin, charge, and
orbital degrees of freedom, that control the effective cor-
relation (U/W) between them and alter most of their
electronic and magnetic properties [13, 14]. For example,
electronic bandwidth can be written to the first approxi-
mation as W∝ cosφ/d3.5, where φ= (pi-θ)/2 is the buck-
ling deviation of B–O–B bond angle θ from 180◦ and d is
the B–O bond length [15]. The substrate induced com-
pressive strain is known to reduce the electronic band
gap due to enhancement in the strength of hybridization
between transition metal d and O 2p orbitals while op-
posite trend is expected in case of tensile strain due to
the suppression of this p− d hybridization [16].
In recent years, lattice misfit induced strain and nanos-
tructures have been extensively used as an effective tool
in the Co-based perovskite oxides to tune the valence
and spin states of Co and hence their electronic and
magnetic properties [17–22]. This is because the strong
competition between the crystal field strength (∆cf ) and
Hund’s exchange energy (∆ex) results in the consider-
ably small energy difference between low and excited spin
states of Co and perturbation produced by the biaxial
strain can effectively alter their relative population as
compare to the bulk [18–24]. For example, large epitax-
ial tensile strain in case of SrCoO3 stabilizes the inter-
mediate spin (IS) state of Co4+ (d5, t42ge
1
g, S=3/2) into
low spin (LS) state (t52ge
0
g, S=1/2), which induce the an-
tiferromagnetism and metal-insulator transition in the
ferromagnetic metallic ground state [21, 22, 25]. Inter-
estingly, 50% substitution of B (Co) atoms by another
transition metal atoms (B′) in these compounds gives an
extra degree of freedom to tune the rock salt like order-
ing of their (B/B′)O6 octahedra, which can be controlled
by the ionic radii and valence mismatch between them
[26]. Thus, Co-based ordered perovskites (double per-
ovskites with general formula A2BB
′O6) give rise to the
exotic magnetic, electronic and transport properties due
to combined effects of valence and spin state transition of
Co and flexibility in tuning the degree of B-site cationic
ordering, where electronic band structure can be manip-
ulated through the mechanical, chemical (doping) or mis-
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2fit induced biaxial strain [27–32]. For example, electronic
band gap has shown to be systematically suppressed with
Sr concentration in La2−xSrxCoMnO6 due to enhance-
ment in the concentration of Co3+ and hence evolution
of new Co3+–O2−–Mn4+ conduction channel [30]. Hole
doping in Ir t2g band of La2−xSrxCoIrO6 (0 6 x 62) for
x 61.5 and in Co 3d band for x >1.5 also suppress elec-
tronic band gap [27]. On the other hand, a similar impact
on the electronic band gap has been achieved through the
misfit induced biaxial strain in the epitaxial thin films of
Sr2CoIrO6 double perovskite [31].
In this context, Sr2CoNbO6 is of particular interest
due to its interesting structural, magnetic, transport
and electronic properties and hence their wide range of
applications [33–40]. However, a large discrepancy in
the literature can be found regarding the effective mag-
netic moment and hence the spin states of Co3+ in bulk
Sr2CoNbO6. More recently, we found the effective mag-
netic moment of 4.6 µB, indicating the presence of Co
3+
predominantly in high spin (HS) state (d6, t42ge
2
g, S=2)
[40], as also reported in reference [34]. Whereas signif-
icantly lower values of 1.91 µB and 2.06 µB were ob-
served in references [33] and [39], respectively, and hence
presence of LS (t62ge
0
g, S=0)–HS or LS–IS (t
5
2ge
1
g, S=1)
states indicate the strong temperature dependent spin-
state transition in the underlined compound. The density
functional theory (DFT) calculations within the general-
ized gradient approximation predict the semiconducting
nature of the material with 0.2 eV band gap [38], which
is supported by the positive temperature coefficient of
conductivity carried out on bulk Sr2CoNbO6 with an ac-
tivation energy of 0.25–0.35 eV, where conductivity sensi-
tively increase with the oxygen partial pressure at 973 K
[35, 40]. Wang et al. showed the colossal dielectric prop-
erties in the compound, where the dielectric response was
found to be closely related to the conduction mechanism
governed by the hopping of localized charge carriers [36].
Electronic band structure can give a valuable informa-
tion about the spin state of Co3+ and hence the mag-
netic properties of Sr2CoNbO6 as LS Co
3+ is insulating
while IS/HS states are electrically conducting due to the
presence of unpaired electrons. However, despite of the
several interesting physical properties, the effect of biax-
ial strain on the physical properties of Sr2CoNbO6 thin
films has not been explored.
In this paper we explore the substrate induced strain
governed structural, transport, optical and electronic
properties of Sr2CoNbO6 epitaxial thin films. The θ-
2θ, φ-scan, rocking curve and reciprocal space mapping
(RSM) have been performed in order to extract both
in-plane and out-of-plane information. The surface to-
pography of the films analyzed using the atomic force
microscopy (AFM) indicate an enhancement in the root
mean square (RMS) roughness of the films with the misfit
induced strain. We observe suppression (enhancement)
in the electronic band gap with increase in the compres-
sive (tensile) strain. Two distinct absorption bands have
been observed in the visible-near infrared (Vis-NIR) ab-
sorption spectroscopy with the highest band gap in case
of tensile strain. Further, we use x-ray photoemission
spectroscopy (XPS) to measure Sr 3d, Nb 3d, Co 2p and
O 1s core levels to understand the electronic properties
and valence states, which play a crucial role in controlling
the transport mechanism in these samples. An enhance-
ment in the structural ordering in thin films as compared
to the bulk is evident from the presence of several active
modes in the Raman spectroscopy measurements.
EXPERIMENTAL
Polycrystalline target of Sr2CoNbO6 was synthesized
by usual solid-state route. We use stoichiometric amount
of strontium carbonate (SrCO3, 99.995% Sigma-Aldrich),
niobium (V) oxide (Nb2O5, 99.99% Sigma-Aldrich) and
cobalt (II,III) oxide (Co3O4, 99.9985% Alfa Aesar) and
mixed in a mortar-pestle for 5 hours for homogeneous
mixing. Then we pressed the resultant powder into a
pellet with the hydraulic press at 2500 psi and calcined
at 9000C for 2 hours and finally sintered at 13000C for
48 hours with several intermediate grindings [40]. Thin
films from the circular bulk target of 20 mm diameter
were grown by the pulsed laser deposition (PLD) tech-
nique using 248 nm KrF excimer laser equipped with
ultra high vacuum (UHV) growth chamber and a load-
lock chamber [41]. We have optimized growth param-
eters like deposition temperature, oxygen partial pres-
sure, target to substrate distance, laser fluence and post
deposition annealing temperature, oxygen pressure and
time to get the best quality films. Finally the thin
films of Sr2CoNbO6 were grown on LaAlO3(100) (LAO),
(LaAlO3)0.3(Sr2AlTaO6)0.7(100) (LSAT), SrTiO3(100)
(STO) and KTaO3(110) (KTO) substrates ranging from
compressive to tensile strain as shown in Fig. 1 (a), with
the optimized parameters. A laser fluence of 1.5–2 Jule
cm−2 with 5 Hz pulse repetition rate and 5 cm target to
substrate distance was used. All the films were grown
at 800◦C substrate temperature and 10−3 mbar oxygen
(99.99%) partial pressure, starting from 9×10−10 mbar
base pressure. We then annealed the films at 50 mbar
oxygen partial pressure at the deposition temperature for
15 mins in order to maintain the oxygen stoichiometry.
Phase purity of the bulk target sample was con-
firmed by the room temperature X-ray diffraction (XRD)
measurements using PANalytical Aeris diffractometer in
Bragg- Brentano geometry using CuKα (λ=1.5406 A˚) ra-
diation with the accelerating voltage of 40 keV. FullProf
suite with the linear background between two data points
and pseudo voigt peak shape was used for the rietveld re-
finement of XRD data in order to extract the bulk lattice
parameters of Sr2CoNbO6 [40]. Further, to confirm the
epitaxy and quality of the films, θ-2θ, φ-scan, rocking
3curve and RSM data were collected using PANalytical
X’pert Pro MRD HR–XRD equipment. A stylus profiler
was used to estimate the thickness of the films. For the
thickness measurements, films with the sharp step were
grown on Si(100) substrate by putting other piece of sub-
strate on top of that to partially shadow the substrate.
We used atomic force microscope (AFM) in the tapping
mode to study the surface topography of the films. Tem-
perature dependent resistivity measurements were car-
ried out using physical property measurement system
(PPMS) of Quantum design, USA at 0.1 µA activation
current. UV-Vis-NIR spectroscopy was carried out in
the transmission mode using Perkin Elmer Lambda 1050
spectrometer. We measured core-level x-ray photoemis-
sion spectra using a monochromotic Al-Kα (hν = 1486.6
eV) source with a charge neutralizer. These spectra
were fitted after the carbon correction and subtraction
of inelastic Taugaard background using CasaXPS soft-
ware considering both Gaussian and Lorentzian contri-
butions. The Raman spectroscopic measurements were
carried out using a Renishew inVia confocal microscope
with 514.5 nm excitation wavelength and fitted with the
Lorentizian function after the subtraction of the spline
background between the data points.
RESULTS AND DISCUSSION
The XRD pattern of Sr2CoNbO6 thin film grown
on STO substrate recorded in θ–2θ mode is shown in
Fig. 1(b). The presence of only (00l) reflections in the
XRD pattern confirm the c-axis oriented growth of the
film, where larger pseudo cubic lattice parameter of bulk
Sr2CoNbO6 (3.961 A˚) as compared to STO substrate
(3.905 A˚) gives rise to the reflection corresponding to the
film at lower 2θ value. In the inset of Fig. 1(b), we show
the rocking curve about (002) reflection, which shows a
full width at half maxima (FWHM) value of 0.26◦. Fur-
ther, the φ-scans were carried out around (211) asym-
metric reflection to confirm the cube-on-cube epitaxy of
the film with the substrate. Figures 1(c) and (d) show
the φ-scan around (211) reflection for Sr2CoNbO6/STO
film and bare STO substrate, respectively. Importantly,
the observed four fold symmetry in case of both film as
well as substrate indicates the epitaxy of the film with
the substrate. Moreover, we perform the reciprocal space
mapping (RSM) of Sr2CoNbO6/STO film about (211)
reflection [as shown in Fig. 1(e)], where Qx = 1/λ(cos ω-
cos(2θ-ω)) and Qz = 1/λ(sin ω+sin(2θ-ω)) represent the
in-plane and out-of-plane components of the scattering
vector, respectively. Red dashed thin line in Fig. 1(e) is
to guide the eyes for the coherence between lattice param-
eters of the film and substrate. Here, two spots observed
for the substrate may be due to the presence of twinning
in the crystal. Figure 1(f) shows the (002) reflection of
Sr2CoNbO6 films grown on STO, LSAT and LAO sub-
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FIG. 1. (a) Pseudocubic lattice parameters of the bulk tar-
get material Sr2CoNbO6 and different substrates used in this
study with their in-plane lattice misfit, where misfit=(asub-
abulk)/asub*100(%), asub and abulk are in-plane pseudocu-
bic lattice parameters of substrates and bulk, (b) θ-2θ XRD
pattern of Sr2CoNbO6/STO film and inset shows the rock-
ing curve about (002) reflection, (c) and (d) show the φ-
scan of the film and bare substrate, respectively, about (211)
asymmetric reflection, (e) reciprocal space mapping (RSM) of
Sr2CoNbO6/STO film about (211) reflection, (f) (002) reflec-
tion of the films on STO, LSAT and LAO substrates. ? in case
of LAO indicates the peak originating from the substrate, (g)
and (h) show the step on the substrate surface and thickness
measurement across the step from the stylus profilometer.
strates. Shift in the substrate peaks towards the higher
2θ value from STO to LAO can be clearly observed due to
reduction in their lattice parameters [see Fig. 1(a)], while
that for thin films shows a shift towards the lower 2θ value
as guided by black dashed line. An increase in the com-
pressive in-plane lattice strain from STO to LAO results
4in the elongation of the out-of-plane lattice parameter
of the films, and consequently a shift towards the lower
2θ value. A more prominent shift can be observed from
STO to LSAT rather than LSAT to LAO, which may be
due to increase in the degree of relaxation in the films in
case of substrates with larger lattice misfit. From the θ-2θ
XRD patterns, we have extracted the out-of-plane lattice
strain using εzz=(cfilm-cbulk)/cbulk*100(%), where cbulk
and cfilm are out-of-plane pseudocubic lattice parameters
of bulk and thin films of Sr2CoNbO6, which was found to
be +0.35, +1.97 and +2.14%, for STO, LSAT and LAO,
respectively. In case of LAO substrate, a reflection peak
at around 42.3 [marked by star in Fig. 1(f)] originates
from the substrate due to imperfection in the crystal.
Fig. 1(h) shows the stylus profile across the step on the
film [as shown in Fig. 1(g)] to estimate the thickness of
the film, where the two horizontal strips indicate the av-
erage height taken over the scan before and after the step.
We have estimated the film thickness of 70±5 nm by per-
forming the measurements at two different places across
the step for all the samples.
Further, we have studied the surface topography of
the thin film samples using the AFM imaging in tap-
ping mode. Figures 2(a, c, d, e) show the AFM images
of the films on STO, LSAT, LAO and KTO substrates,
respectively, in (1x1) µm area. In Fig. 2(b), we plot a
line profile of Sr2CoNbO6 film deposited on STO sub-
strate, as shown by white line in Fig. 2(a), which shows
the presence of periodic surface features on top of the
films. It has been observed that the separation of these
periodic features increases with the compressive strain,
while these features are less prominent in case of tensile
strain. Moreover, the RMS roughness of the films with
change in the lattice misfit was extracted for (1×1) µm
as well as (10×10) µm (not shown here) scan areas, as
shown in Fig. 2(f). It can be clearly infer from the fig-
ure that roughness of the films increases with the lattice
strain. The possibility of partial relaxation in the films,
i.e., a loss of epitaxy can be expected for higher degree
of lattice mismatch in LAO, which is also evident as the
shift in the film peak corresponding to the out of plane
lattice parameter as a consequence of the in-plane strain
found to be a bit less in XRD of Sr2CoNbO6/LAO [see
Fig. 1(f)] as compared to the expected from the larger
misfit in LAO, see the % numbers in Fig. 1(a) and ref-
erence [42]. This can change the growth modes and con-
sequently the grain size, which may result in the high
roughness of the films with increase in the strain.
In order to study the effect of the misfit induced biax-
ial strain on the electronic transport properties, we have
performed temperature dependent resistivity (ρ–T) mea-
surements on all the samples at 0.1 µA activation current,
as shown in Fig. 3(a). A negative temperature coefficient
of resistivity indicate the semiconducting/insulating be-
havior of all the samples analogous to its bulk counter-
part [35, 40]. It can be clearly observed that resistivity
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FIG. 2. (a) AFM image of (1x1) µm area of Sr2CoNbO6/STO
film, (b) 1D scan across the periodic features of the film (white
line in (a)), (c)–(e) (1x1) µm AFM image of Sr2CoNbO6 film
on LSAT, LAO and KTO substrates, respectively. (f) Depen-
dence of RMS roughness of the films on the lattice misfit for
(1x1) and (10x10) µm scan areas.
of the samples decreases with increase in the compressive
strain from STO to LAO while sharply increase in case
of tensile strain (KTO). The conduction mechanism of
the films in the high temperature regime is described by
the Arrhenius model, which gives an estimation of the
activation energy required by an electron to take part in
the conduction mechanism. Resistivity can be described
by the Arrhenius equation, as given below:
ρ(T ) = ρ(0)exp(Ea/kBT ) (1)
where Ea and ρ(0) are the activation energy and pre-
exponential factor, respectively. Activation energy ex-
tracted from the linear fitting of 1/T versus ln(ρ) plot
in high temperature region (330–380 K) is shown in the
inset of Fig. 3(b). A clear reduction in the activation en-
ergy in case of compressive strain, while a sharp enhance-
ment in case of tensile strain is in well agreement with
the decrease (increase) in the temperature dependent re-
sistivity with the compressive (tensile) strain, as shown
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FIG. 3. (a) Temperature dependent resistivity of Sr2CoNbO6
films grown on different substrates. (b) and (c) Arrhenius
and VRH fitting in higher and lower temperature regimes,
respectively. Insets show change in the activation energy and
DOS with the lattice misfit, respectively. Red dashed lines
indicate the extrapolation of the linear fitting to indicate the
deviation from the Arrhenius and VRH models in the lower
and higher temperature regimes respectively.
in Fig. 3(a). However, the deviation from the Arrhenius
model as shown by the extrapolated red dashed lines in
Fig. 3(b) indicate the presence of some other conduction
mechanism in the lower temperature regime. We observe
that conduction mechanism of the films in the lower tem-
perature regime is governed by the Mott variable range
hopping (VRH) model due to the localized charge car-
riers. Mott variable range hopping model describes the
temperature dependence of resistivity as
ρ(T ) = ρ(0)exp(T0/T )
1/4 (2)
where T0 is the characteristic temperature given as, T0
= 18/kBN(EF )L
3, where N(EF ) and L are the localized
density of states (DOS) near the Fermi level and localiza-
tion length, respectively. A linear fitting of T−1/4 versus
ln(ρ) in the lower temperature regime gives the charac-
teristic temperature, T0, which can be used to estimate
the effective density of states near the Fermi level, by tak-
ing average Co–O (≈2 A˚) bond length as the localization
length, as shown in the inset of Fig. 3(c). An increment
in the effective DOS near the Fermi level with compres-
sive strain, while reduction in case of tensile strain is
consistent with the change in activation energy and tem-
perature dependent resistivity with the strain. A strong
enhancement in the metal–ligand overlapping in case of
compressive strain can be the possible reason for this
enhancement in the electronic conductivity from STO
to LAO while the suppression of the p–d hybridization
for tensile strain results in the sharp reduction in the
electronic conductivity [16]. Further, it is important to
re-emphasize that the effect of misfit induced strain and
oxygen non-stoichiometry are strongly coupled with each
other, as explicitly shown in the references [9–11]. The
tensile strain is widely known to favor the oxygen vacan-
cies in the epitaxial films due to expansion in the unit
cell volume [9–11]. In the present case, in-plane tensile
strain results in the expansion of the unit cell and hence
favors the conversion of Co3+ (as in bulk target mate-
rial [34, 35, 40]) to Co2+ because of the large ionic radii
of the later [52]. At the same time, an enhancement in
the concentration of insulating Co2+ ions due to oxygen
deficiency can also be the possible reason for this note-
worthy reduction in the electronic conductivity in case of
Sr2CoNbO6/KTO film sample. On the other hand, an
increase in the compressive strain favors the conversion
of Co3+ to Co4+ as well as strengthen the Co/Nb d and
O p orbital overlapping, which give rise to enhancement
in the conductivity in the films. However, it is difficult to
quantitatively disentangle these effects on the conduction
mechanism of these films.
Interestingly, strain induced electronic band gap en-
gineering further facilitate to probe the effect of biaxial
strain on the optical band gap of these samples. The Vis-
NIR absorption spectroscopy measurements clearly show
two distinct absorption bands around 600 and 800 cm−1
[indicated by arrows in Fig. 4(a)]. These two bands in
the optical and near IR regions can be due to the charge
transfer between O 2p and Co 3d/Nb 4d orbitals because
of the covalent character of the bonding and intraband
transitions within the Co 3d/Nb 4d orbitals [16]. In the
present case, we can extract a direct band gap using the
following equation [43]
(αhν)2 = A(hν − Eg) (3)
where α, hν, A and Eg are the absorption coefficient,
photon energy, proportionality constant and direct band
gap, respectively. The estimated values of band gap
from the linear extrapolation of the absorption region
in (αhν)2 versus hν plot (Tauc plot) are shown in the
inset of Figs. 4(b, c). We note here that both the optical
band gaps show the highest values in case of tensile strain
(Sr2CoNbO6/KTO sample), analogous to the electronic
650
40
30
20
10
0
(
h
)2  
(X
10
10
cm
-2
eV
2 )
2.52.01.51.0
h (eV)
 KTO
 STO
 LSAT
 LAO
(b)
1.5
1.0
0.5
0.0
 A
bs
or
ba
nc
e
12001000800600
wavelength (nm) 
 KTO
 STO
 LSAT
 LAO
(a)
2.20
2.18
2.16
2.14
2.12
ba
nd
 g
ap
 (e
V)
-4 -3 -2 -1 0
misfit (%)
2.0
1.5
1.0
0.5
0.0
1.61.41.21.0
h (eV)
(c)
 KTO
 STO
 LSAT
 LAO
1.44
1.42
1.40
1.38b
an
d 
ga
p 
(e
V)
-4 -3 -2 -1 0
misfit (%)
FIG. 4. (a) Room temperature absorption spectra in visible
and NIR region for Sr2CoNbO6 films grown on various sub-
strates. (b) and (c) the Tauc plots in two different energy
regimes and insets show the variation of the band gaps with
the lattice misfit, estimated from the respective Tauc plot.
band gap [see inset of Fig. 3(b)]. On the other hand, in
case of the compressive strain the higher band gap cor-
responding to the absorption band at ∼600 nm does not
show the significant variation, whereas that correspond-
ing to ∼800 nm shows a significant reduction in case of
Sr2CoNbO6/STO sample, unlike the electronic band gap,
which shows a monotonic decrease with the compressive
strain. This discrepancy in the behavior of optical and
electronic band gap in case of compressive strain needs
the further investigation by performing the band struc-
ture calculations [44].
In order to understand this strain induced change in
the electronic structure, we have measured core-levels of
Sr 3d, Nb 3d, Co 2p and O 1s for Sr2CoNbO6 films grown
on STO, LSAT and LAO substrates using x-ray photo-
electron spectroscopy (XPS). Figs. 5(a–c) show the Sr 3d
core-levels where two peaks i.e 3d5/2 and 3d3/2 can be
clearly seen around ∼ 132.5 and 134.2 eV due to spin-
orbit splitting. These peak positions are in close agree-
ment with the reported values for SrO [45, 46], which con-
firms the presence of divalent Sr cations in the samples.
Interestingly, we observe Nb 3d5/2 and 3d3/2 components
around ∼ 206.0 and 208.8 eV, respectively [Figs. 5(d–f)],
which are close to the reported values for Nb4+ [47, 48],
contradictory to the bulk Sr2CoNbO6, where pentavalent
Nb is expected from the magnetization measurements
as Co solely govern the magnetic properties in the bulk
samples [33, 34, 40]. The presence of Nb in 4+ valence
state in these thin film samples and hence an unpaired
d-electron (4d1) can interestingly govern the magnetic
and transport properties in Sr2CoNbO6 thin films. Here,
the observation of tetravalent Nb indicate the presence
of either oxygen deficiency or lesser formal charge on the
oxygen (presence of O−1) due to the strong covalent char-
acter of the Co/Nb–O bond. We found that there is no
significant shift in the peak positions of Sr 3d and Nb 3d
core-levels, which discard any significant change in the
valence state with substrate induced strain.
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FIG. 5. The core-level spectra of Sr 3d (a–c) and Nb 3d (d–f)
for Sr2CoNbO6 films grown on STO, LSAT and LAO sub-
strates, respectively. The experimental data points and fitted
curve are shown by red circles and black solid lines, respec-
tively along with the deconvoluted spin-orbit components by
blue dotted lines.
Figures 6(a–c) show the Co 2p core level spectra where
two spin-orbit splitting components 2p1/2 and 2p3/2, are
separated by ∼15 eV, which is consistent with the re-
ported value [49]. These main peaks (2p1/2 and 2p3/2)
are deconvoluted into three components, which can be
assigned for the three oxidation states of Co i.e Co2+,
Co3+ and Co4+. The peak position for each component
are found to be at 778.5 eV, 780 eV, and 781.7 eV bind-
ing energies, which are consistent with reported values in
references [49–51]. The satellite feature around 784.8 eV
i.e ∼6 eV above the main peak of Co2+ and 788.9 eV
i.e ∼9 eV above the main peak of Co3+ are close to the
reported values for CoO and Co3O4, respectively [49].
Unlike the bulk Sr2CoNbO6 (where Co is expected to be
in 3+ state only [34, 35, 40]), different valence states of
7TABLE I. The fitting parameters of O 1s core-level spectra and the extracted surface composition of the different ions of
Sr2CoNbO6 thin films deposited on various substrates.
Substrate Oxygen FWHM Peak area Area(O
1−)
Area(O2−) Average Oxygen Sr:Co:Nb:O
components (eV) (%) valency (±0.05)
STO OI 1.2 67.4 0.36 -1.73 2.12:0.94:0.96:5.98
OII 1.9 24.5
OIII 2.1 8.1
LSAT OI 1.2 52.9 0.44 -1.69 2.08:0.94:0.96:6.02
OII 1.9 22.5
OIII 2.2 24.6
LAO OI 1.1 65.3 0.46 -1.68 2.33:0.93:0.94:5.80
OII 2.1 29.7
OIII 2.0 5.0
Co in case of thin films can interestingly govern the re-
lated physical properties. Notably the compressive strain
causes a reduction in the in-plane and consequently elon-
gation in the out-of-plane lattice parameters [12]. As a
result of which Co3+ prefers to stabilize in 4+ and 2+
states in the in-plane and out-of-plane Co–O bonds, ow-
ing to their significantly smaller and larger ionic radii in
the two cases, respectively, as compared to Co3+ [52].
This could be the possible reason for the evolution of the
2+ and 4+ valence states of Co along with the dominat-
ing 3+ state observed in the XPS core-levels. A similar
effect was observed in references [9, 11] where strain was
found to govern the different oxidation states of tran-
sition metal cations and hence oxygen vacancies in the
compounds due to change in their molar volume.
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FIG. 6. The Co 2p (a–c) and O 1s (d-f) core-level spectra of
Sr2CoNbO6 films deposited on different substrates.
Moreover, we have recorded the O 1s core level spectra
of Sr2CoNbO6 films deposited on STO, LSAT and LAO
substrates, as shown in Figs. 6(d–f), respectively. We
have fitted each spectrum with three components and
their fitting parameters are listed in the Table I. The
most intense peak around 529.7 eV (OI) is attributed to
the lattice oxygen with 2- formal charge while the one
with lowest intensity on the higher binding energy side
around 533.0 eV (OIII) corresponds to the surface con-
tamination i.e hydroxylation and/or carbonation of the
surface species. A huge discrepancy in the literature can
be found regarding the origin of this central component
of the O 1s spectrum at around 531.4 eV (OII) [53–55].
Pawlak et al. have proposed a model describing the non-
singularity of O 1s peak in case of Y3Al5O12 [53] and
YAlO3 [54], where oxygen is surrounded by two different
cations and then successfully applied to the perovskites
of type (AA′)(BB′)O3 [55], where four cations of differ-
ent covalent character are attached to the oxygen anions.
This difference in the covalent character of the cations
lead to a change in the valency of the oxygen anions in
the complex compounds. Dupin et al. have reported the
peaks around 531.1–532 eV due to the presence of O1−
species due to low electronic concentration in the partic-
ular region because of the high covalent character of the
transition metal–oxygen bond and describe these as low
coordinated oxygen sites at the surface region as com-
pared to O2− [56]. Interestingly, Wu et al. follow the
same idea and successfully explained the average valency
of oxygen (-1.55) in BaTiO3 [57], which was found to be
close to the theoretically reported value (-1.63) [58].
We have also assigned this central component as O1−
species and average valency of the oxygen anion esti-
mated from the integrated intensity of O2− and O1−
species, as given in Table I, where we neglect the con-
tribution from the OIII component [57]. As speculated
from Nb 3d and Co 2p spectra, the average valency of
the oxygen is lower than 2, which indicate the presence
of holes in the O 2p orbital and estimation of which can
be a useful tool in order to understand several physical
properties in the underlined compounds [59]. The de-
crease in valency of oxygen anion indicate the enhance-
ment in the covalent character of Co/Nb–O bonds due
to the reduction in the Co/Nb–O bond length in case of
compressive strain, which give rise to the enhancement in
8the delocalization of the electronic wave function. This
enhancement in the concentration of delocalized electrons
can be due to the increase in the electronic bandwidth
with increase in the compressive strain as evident from
the ρ–T measurements in Fig. 3. Further, the surface
composition of the different ions in Sr2CoNbO6 films de-
posited on various substrates is estimated from the inte-
grated intensities of their respective core levels and con-
sidering the corresponding photo-ionization cross section
[60, 61], as summarized in the Table I. We found that
the films grown on STO and LSAT substrates are sto-
ichiometric along with oxygen (within the sensitivity of
XPS), whereas that on LAO are slightly oxygen deficient.
This change in the oxygen stoichiometry could also play
a crucial role in determining the conductivity of the sam-
ples. A cumulative effect of the change in metal-ligand
hybridization due to strain and the presence of oxygen
deficiency are expected to control the conduction mech-
anism with change in the substrate induced strain.
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FIG. 7. Room temperature unpolarized Raman spectra of
Sr2CoNbO6 thin films grown on various substrates.
Finally, we study the vibrational energy levels using
Raman spectroscopy, which is another important tool to
understand the detailed structure including the octahe-
dral distortion, rotation and/or tilting. The octahedral
distortion lifts the degeneracy of the vibrational levels
and degree of distortion decide the separation in the
energy levels and hence splitting of the Raman modes,
which is not possible using the conventional XRD method
due to its low sensitivity for the lower Z elements like
oxygen. Figures 7(a–d) show the unpolarized room tem-
perature Raman spectra, measured with 514.5 nm exci-
tation wavelength. The presence of several Raman active
modes for all the samples indicate a significant enhance-
ment in the structural ordering in these epitaxial thin
films as compared to the bulk, where only two weak Ra-
man modes were detected in the bulk Sr2CoNbO6 sample
[40]. A large discrepancy in the literature can be found
regarding the crystal structure of bulk Sr2CoNbO6. It
has been reported that the Sr2CoNbO6 and related com-
pounds crystalize in cubic phase with the random oc-
cupancy of B-site cations i.e. perovskite unit cell with
Pm3¯m space group [34, 39, 62], while others have shown
the rhombohedral structure withR3¯m space group [33] as
well as octahedral tilted tetragonal structure with I4/m
space group having a0a0c− Glazer notation i.e antiphase
tilting of NbO6 and CoO6 octahedra along [001] direc-
tion [36–38, 63]. It is well known that perovskites with
ideal cubic structure (Pm3¯m with the random occupancy
of B-site cations) is centrosymmetric and hence Raman
inactive, while group theory predict four Raman active
modes for cubic B-site ordered structure (Fm3¯m dou-
ble perovskite structure, where unit cell doubles in all
the three crystallographic directions) i.e. Γg (Fm3¯m)
= ν1(A1g) + ν2(Eg) + ν5(F2g) + T(F2g), where ν1 are
the oxygen symmetric stretching modes along Co–O–Nb
axis, ν2 are the two fold degenerate oxygen asymmetric
stretching modes, where four oxygen anions in the same
plane moves towards the octahedral center and remaining
two perpendicular anions moves outward or vice-versa, ν5
are the triply degenerate oxygen bending modes and T in-
dicate the modes resulting from the translational motion
of Sr cations [64, 65]. The presence of six Raman active
modes for all the samples in the present case indicate the
further lowering in the crystal symmetry from the ideal
face-centered-cubic Fm3¯m structure due to octahedral
rotation in case of thin films. Further, nine Raman active
modes are predicted for the I4/m crystal symmetry hav-
ing the irreducible representation as Γg (I4/m) = ν1(Ag)
+ ν2(Ag + Bg) + ν5(Bg + Eg) + T(Bg + Eg) + L(Ag
+ Eg), where, L denote the librational modes associated
with the rotation of the (B/B′)O6 octahedra [65, 66].
Highest intensity mode around ∼690 cm−1 can be as-
cribed to the Ag oxygen symmetric stretching mode due
to its stiffer force constant, a low intensity mode around
∼610 cm−1 is oxygen asymmetric stretching modes in
which Ag and Bg modes can not be resolved due to its
low intensity. Three Raman active modes of significant
intensity between 400 to 550 cm−1 are expected to be the
9oxygen bending modes, ν5, while only two such modes
have been predicted for I4/m symmetry, suggesting fur-
ther lowering in the crystal symmetry in epitaxial thin
films due to substrate induced strain.
A further a−a−b+ tilting of octahedra can transform
the system into monoclinic phase having P21/n space
group with 24 Raman active modes, represented as Γg
(P21/n) = ν1(Ag + Bg) + 2ν2(Ag + Bg) + 3ν5(Ag +
Bg) + 3T(Ag + B2g) + 3L(Ag + Eg). A similar crystal
symmetry was also observed in case of bulk A2CoNbO6
(A = Ba, Ca) compounds of the same family [37, 67].
The presence of two formula units per unit cell give rise
to both Ag and Bg splitting in all the modes. Thus,
three Raman modes between 400–550 cm−1 can be at-
tributed to the oxygen bending modes and low intensity
mode around 190 cm−1 is the external T mode, which
involve the movement of Sr atoms. Six T modes (3 Ag
and 3 Bg) are predicted from the group theory, but low
intensity modes of background level, overlapping of the
modes or presence of the modes below the spectrometer
range (100 cm−1) can be the possible reasons for the ab-
sence of the remaining T modes. The L modes are silent
in the present case and Ag and Bg modes can not be
resolved in any case within the instrumental resolution.
Also, there is no significant shift in the peak position
of the observed Raman modes with strain. Therefore,
a polarization dependent Raman spectroscopy study is
needed to get further insight into the structure and to
extract the extent of Co/Nb ordering in the lattice.
CONCLUSION
We investigate the structural, transport, optical and
electronic properties of the Sr2CoNbO6 thin films de-
posited on various substrates. The high resolution θ–
2θ, ω, φ–scans and reciprocal space mapping indicate
the growth of epitaxial and high-quality films. The tem-
perature dependent resistivity measurements indicate the
semiconducting/ insulating behavior of all the films. A
systematic reduction in the electronic resistivity with the
compressive strain while a sharp enhancement in case
of tensile strain was observed, which further supported
by the decrease (increase) in activation energy and in-
crease (decrease) in the density of states (DOS) with the
compressive (tensile) strain. The Vis-NIR spectroscopy
measurements show two distinct absorption bands near
600 and 800 cm−1 and corresponding band gaps show
monotonic behavior with increase in the compressive
strain while a sharp enhancement in case of the tensile
strain. The photoemission study indicates the presence of
tetravalent Nb and different oxidation states of Co for all
the films under compressive strain. An increase in delo-
calized electrons which is evident from the enhancement
in O1− species in O 1s core-levels and the oxygen non-
stoichiometry are the possible factors for the enhance-
ment in the electronic conductivity in case of compressive
strain. The presence of the sharp Raman active modes
in all the films suggest the significant enhancement in
the structural ordering in case of epitaxial thin films as
compared to the bulk Sr2CoNbO6 sample.
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